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Viscous Hydrodynamics: Israel-Stewart Formalism

Energy momentum tensor (for zero bulk viscosity) :

THY = eutu” — pA*Y + 7H¥

Equation of motion :

d,T" =0,
1
A“QA”ﬁD'frag = T—(7r’“’ — 2not?)
1 nT’ T
NN v = ot Gl W Wl
2" T (nTu )
where
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737
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Cooper-Frye freeze-out procedure :

d® N; i '
Py - (2€r)3 /gp'd“o(fc)[feq,i(x,p)+5fz'(a=’P)]
where
1 9D g
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Explicitly, (E = % + 7V, A = 7% — wyy)
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A State-of-the-art

1.6

1.4

0.00

Equation of

----SM-EOS Q

$95p-PCE L

\

0.0 05

—71ir r Ir r rr 1t rr7r1rr 71T r 1 r 1T 1T 15 17
10 15 20 25 30 35 40 45 50 55 6.0
3

e (GeV/fm”)

State: s95p-PCE

V¥p

@ =
€+
gy Ve
N 1+c2 p

| s95p-PCE generated by Peter
1 Petreczky & Pasi Huovinen

Shen, Heinz, Huovinen, Song,Phys.Rev. C82 (2010) 054904



. Fit to RH

1 | 1 ' 1 ' | ' | '
| charged hadrons
0~5% x 10 |
| Au + Au RHIC
10~20% |
20~30%/10 | T
| EF.|.
5! pS ++
30~40%/10" | Fiy TR
! F
40~60%/10° | . T *+++*$
+
4 ++*+ TFE: >"
60~80%/10" ! I Fry
' +
| * 4 $*+
| ++ +,|=
: T T ¥
Shen, Heinz; Huovinen, and song, el +
Phys. Rev. G84 (2011) 044903 T T
.+ STARdata T F
' | ' ; ' | ' | | ' | ' | ' |
05 00 05 10 15 20 25 3.0
p, (GeV)

® good fit in the central

® Excellent fit to elliptic

cases, while too flat in
the peripheral cases

flow data up to 60% in
centrality

|C data

0.35
0.30 -
0.25 -
0.20—-
0.15—-

0.10

{—%— RHIC /s =0.20 40~50% + 0.1

— = RHIC n/s = 0.20 10~20%

1—e— RHIC n/s =0.20 20~30%

—&— RHIC n/s =0.20 30~40%

STAR v, {4} 10~20%

e
~ (o)
0.05 ®  STARV, {4} 20~30% i
4 STARV, {4} 30~40%
%  STARV {4} 40~50% + 0.1
0.00 : — ) —
0.0 0.5 1.0 1.5 2.0 2.5 3.0
p, (GeV)
0.10 rr +r 1 v+ r 1 vy rvryrryrr1r v r vt
Au + Au RHIC
0.08 - .
0.06 - ]
0.04 4 .
] n/s = 0.20
{a o STAR Vv, {4}
0.02- o STARV{LYZ} 7
A STARV{EP}
0.00 m—+r 1Ty 1 rrrrrrrrrrrrrrrrrr
0 10 20 30 40 50 60 70

80



p— [ ] o~N

Predictions at LHC

Shen, Heinz, Huovinen, and song, Phys. Rev. C84 (2011) 044903
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® VISH2+| predictions agree with ALICE measurements
remarkably on identified particle spectra and elliptic
flow
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More advanced Hybrid Approach
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Elliptic and Triangular Flow
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® By tuning /s, both models can describe elliptic
flow of all charged hadrons at LHC energy

¢ MCKLN underestimates vs/e3 by 30%, while
MCGIDb gives fairly good agreement with ALICE
data
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Hydro evolution

3(13)

In Collaboration with visualization framework by MADAI collaboration, funded by the NSF under grant# NSF-PHY-09-41373
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Global Observables

1MeV ~ 109K 1fm/c ~ 3 x 107 %4

Collision energy (A GeV)|Tp (MeV) |life time (fm/c)|produced particles

per rapidity unit
AuAu@ 7.7 269.2 9.3 212.3
AuAu@ 11.5 287.5 10.0 266.7
AuAu@ 17.7 304.8 10.5 329.3
AuAu@ 19.6 308.7 10.6 339.2
AuAu@ 27 320.1 10.9 382.9
AuAu@ 39 332.2 11.2 432.7
AuAu@ 63 341.1 114 472.0
AuAu@ 200 | 378.6 12.2 661.9
PbPb@ 2760 ~iQh  485.2 14.2 1575.7

V8ox/ &) 50%/ 600%/

4(13)



Centrality dependence of final charged multiplicity

MC—Glb. 11/s=0.08

= RHIC avg. data
e ALICE data

MC-KLN n/s=0.2

S.Adler et al. (PHENIX Collaboration), Phys. Rev. C 71, 034908 (2005)
K.Aamodet et al. (ALICE Collaboration), Phys.Rev.Lett. 106,032301 (2011)
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Centrality dependence of final charged multiplicity

Shape comparison
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Centrality dependence of final charged multiplicity
Shape comparison
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MC-GIb. shows good scaling behavior (fixed hard/soft ratio &)

MC-KLN: the slope of the curves get flatter as we go to
the lower collision energy (not a viscous effect!) 5(13)



radial flow and particle pr-spectra

0.65f MC-Glb.n/s=0.08
0.6_ ONSO/O

10" 10° 10°

V3 (GeV)
Along with/s /

average radial flow (v )increases by 80%

6(13)





mailto:RHIC@7.7A
mailto:RHIC@7.7A

(v1)

radial flow and particle pr-spectra

0.7

0.65; MC-Glb. n/s=0.08
og 0~5%

0.55}
0.5¢

0.45;
0.4f

0.35}

10 10° 10
Vs (GeV)

Along with/s /

average radial flow (v

MC-Glb. n/s=0.08
0~5%

dNcn/ (2mdnprdpr)

4 /5 =T.TA GeV

0 1 5 3
pPT (GQV)

10

)increases by 80%

the slope of particle pr-spectra gets flatter

6(13)



(v1)

radial flow and particle pr-spectra

0.7

0.65; MC-Glb. n/s=0.08
og 0~5%

0.55}
0.5¢

0.45;
0.4f

0.35}

10 10° 10
Vs (GeV)

Along with/s /

average radial flow (v

10
MC-Gilb. n/s=0.08
. 0~5%
~
=
=]
~
=
<
oS
(S
A
Z
G
Z,
'B .
e
/s =7.TA GeV
4 "©-V/5=19.6A GeV
1 1 |
0 0) 1 2 3
pPT (GQV)

)increases by 80%

the slope of particle pr-spectra gets flatter

6(13)



(v1)

radial flow and particle pr-spectra
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radial flow and particle pr-spectra
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Elliptic flow and v
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Differential v2(pT)
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Differential v2(pT)
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Differential v2(pT)
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Differential v2(pT)
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Differential v2(pT)
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Differential v2(pT)
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Differential v2(pT)
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Differential v2(pT)
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Differential v2(pT)

—~-MC-Glb. 20-30% n/s = 0.08

MC-Gilb. n/s=0.08

0.25} 20-30% 1
4 .

0.2 PP T

5'0.15¢

10’ 10° 10°
4 /3 0.1t
10 '

MC—Gib. 1/s=0.08 0.05} ]
g -v/s = 39A GeV
10 <t /s = 63A GeV

2 2.5 3

dNen/(2mdnprdpr)

B - /s =T7.7TA GeV
10 [-e-/s=11A GeV
b /s =17.TA GeV
9 /s=19.6A GeV
» —v—\/§:27A GeV
10 0 1 2 3

9(13)



Differential v2(pT)
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Differential v2(pT)
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Differential Vz( pT)

—~-MC-Glb. 20-30% n/s = 0.08

MC-Gilb. /s=0.08
20-30%

W

dNen/(2mdnprdpr)

S - /s =T7.7TA GeV
10 r-e-y/s=11A GeV
e\ /s=17.TA GeV
0 /s=19.6A GeV
0™ == s:27A GeV |
0 1 2 3

MC—Glb. 1/s=0.08

0.25¢+ 20-30%
0.2t ;
$0.15) P
0.1
-k-,/s = 39A GeV
0.05¢ Vs =63A GeV
% /5= 200A GeV
—+-PbPb /5 = 2760A GeV

1.5 2 2.5 3
T (GGV)

As/s [,

the increase of elliptic flow
interplays with the stronger
radial flow, resulting in a

broad maximum forvs(pr, v/s)

at fixed PT as a function ofv/s
9(13)



MC-Glb. n/s=0.08

0.25] 20-30%
0.2+ - —‘
£'0.15¢
0.1+
-8-\/s = 7.7A GeV
-e’\/_ =3 L\ (-’("\/
® \/—: l() (“A (1(\.
0.5 1 — . l 3
pr (GeV)
0.25 I
MC-KLN n/s=0.2
0.2+ 20-30% | _
0.15¢
g PSR e e
H 2 R _
B .0" _E
e
Ao Heys =394 Gey
o <5 = 63A GeV _
~—-PbPb /s = 2760A GeV
Ols , | | I I

0.5 1 1.5 2 2.5 3
T (GeV)

= pr =017 GeV MC=Glb.
095 -e-pr = 0.41 GeV ~ 20~30%
b pp = 0.78 GeV _
o pr—128 Gey s=0.08
— 1.9

y
0.057 o - ©--00-0-6--0----- G--mmmmmmmaoo-
B—=—Fs—=—E—F B— —n
o7 - —
10 10 10
Vs (GeV)
—a-pr = 0.17 GeV ~ MC-KLN n/s=0.20
-e-pr = 0.41 GeV 20~30%
| T =0.7
O pr = 1.2
0.15 —-pp = 1.9
S 0.1 PR
\\\\\0”‘\&‘&4_& _______ CAm A
o ,A\‘Mr
A
0.05f o--G0-6-6--0----- @---=-========-
o -
E—E—EE—a—E—=— = _
O . I L . . I
1 2 3
10 10 10
Vs (GeV) 10(13)




Differential v2(pT)
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Differential vz(pT)
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Freeze-out shape analysis
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10-30%
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Summary

Collision energy dependence of soft hadron observables
will help us constrain initial conditions as well as

o MC-GIb.with /s = 0.08 shows good+/s-scaling behavior

dN /dn N vs/es Vs 1 dN
Npart/2 V> part h S d77

MC-KLN model with /s = 0.20 does not

® [ncreasing shear viscosity changes the balance between
radial and elliptic flow, shifting the peak of v2(v/s, pr) to

larger /s

® Novel final shape analysis predicts the spatial eccentricity
at freeze-out approaches zero at LHC energy
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Centrality Dependence of the Initial Entropy
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